Abstract The Co-ferrite nanoparticles having a relatively uniform size distribution around 8 nm were synthesized by three different methods. A simple coprecipitation from aqueous solutions and a coprecipitation in an environment of microemulsions are low temperature methods (50°C), whereas a thermal decomposition of organo-metallic complexes was performed at elevated temperature of 290°C. The X-ray diffractometry (XRD) showed spinel structure, and the high-resolution transmission electron microscopy (HRTEM) a good crystallinity of all the nanoparticles. Energy-dispersive X-ray spectroscopy (EDS) showed the composition close to stoichiometric (*CoFe 2 O 4 ) for both co-precipitated nanoparticles, whereas the nanoparticles prepared by the thermal decomposition were Co-deficient (*Co 0.6 Fe 2.4 O 4 ). The X-ray absorption near-edge structure (XANES) analysis showed Co valence of 2? in all the samples, Fe valence 3? in both coprecipitated samples, but average Fe valence of 2.7? in the sample synthesized by thermal decomposition. The variations in cation distribution within the spinel lattice were observed by structural refinement of Xray absorption fine structure (EXAFS). Like the bulk CoFe 2 O 4 , the nanoparticles synthesized at elevated temperature using thermal decomposition displayed inverse spinel structure with the Co ions occupying predominantly octahedral lattice sites, whereas coprecipitated samples showed considerable proportion of cobalt ions occupying tetrahedral sites (nearly 1/3 for the nanoparticles synthesized by co-precipitation from aqueous solutions and almost 1/4 for the nanoparticles synthesized in microemulsions). Magnetic measurements performed at room temperature and at 10 K were in good agreement with the nanoparticles' composition and the cation distribution in their structure. The presented study clearly shows that the distribution of the cations within the spinel lattice of the ferrite nanoparticles, and consequently their magnetic properties are strongly affected by the synthesis method used.
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Introduction
Magnetic nanoparticles with uniform size distributions are of great interest because of their unique magnetic properties, dominated by superparamagnetism (Kodama 1999; Batlle and Labarta 2002) . Stable suspensions of the superparamagnetic nanoparticles, so-called magnetic fluids (or ferrofluids) are important in different technological applications (Rosenweig 1932) . Magnetic nanoparticles can also be used in biomedical applications (Pankhurst et al. 2003; Elster and Burdette 2001; Häfeli et al. 1997; Widder et al. 1978; Senyei et al. 1978; Mosbach and Schröder 1979; Arruebo et al. 2007; Gilchrist et al. 1957; Veverka et al. 2007) . They are already used in diagnostics for enhancement of contrast during NMR imaging (Elster and Burdette 2001) and in detection of biomolecules by magnetic separation (Häfeli et al. 1997) . Numerous new applications are developed also for therapeutics, for example in targeted drug delivery Mosbach and Schröder 1979; Arruebo et al. 2007 ) or in magnetic hyperthermia (Gilchrist et al. 1957; Veverka et al. 2007) .
Among different magnetic materials, cobalt ferrite nanoparticles have a special place because of their high magnetocrystalline anisotropy and large magneto-optical coefficients (Smit and Wijn 1959; Fontjin et al. 1999) . Cobalt ferrite is a member of ferrites with a spinel structure. In the spinel structure with general formula AB 2 O 4 , oxygen atoms form cubic close packing where A and B cations occupy tetrahedral and octahedral interstitial lattice sites. Generally, the spinel ferrite structure can be represented by (Me 1-X 2? Fe X 3? )[Me X 2? Fe 2-X 3? ]O 4 formula, where round and square brackets represent tetrahedral and octahedral sites, respectively. The degree of inversion X is the proportion of the trivalent cation (Fe 3? ) occupying tetrahedral sites (Smit and Wijn 1959) .
Magnetic properties of ferrites are directly related to the distribution of the cations over tetrahedral and octahedral lattice sites. Since the magnetic moments of the ions are ordered parallel within each sublattice and antiparallel between both sublattices, the difference in the magnetic moments between both sublattices gives magnetic moment to the ferrite crystal (Smit and Wijn 1959) .
Bulk cobalt ferrite is presumed to display the inverse spinel structure (X = 1), with all Co 2? ions exclusively at octahedral lattice sites (Smit and Wijn 1959) . In the case of nanoparticles, the structure can substantially deviate from the bulk. The flexibility of the crystal structure is particularly pronounced in the spinel ferrite nanoparticles (Sato et al. 1990; Kamiyama et al. 1992; Jeyadevan et al. 1994; Hamdeh et al. 1997; Ammar et al. 2004; Makovec and Drofenik 2008; Carpenter et al. 1999; Calvin et al. 2002; Makovec et al. 2009; Morrison et al. 2004; Li et al. 2000; Sivakumar et al. 2007; Tirosh et al. 2006) . For example, ZnFe 2 O 4 shows paramagnetic behavior as bulk material due to its normal spinel structure, with Zn ions incorporated almost exclusively at tetrahedral sites. When ZnFe 2 O 4 is prepared in the form of nanoparticles, it becomes ferrimagnetic due to a partial migration of Zn to the octahedral sites (Sato et al. 1990; Kamiyama et al. 1992; Jeyadevan et al. 1994; Hamdeh et al. 1997; Ammar et al. 2004; Makovec and Drofenik 2008) . The degree of inversion X for ZnFe 2 O 4 nanoparticles prepared by coprecipitation was determined to increase with decreasing particle size (Kamiyama et al. 1992) . Besides on the size, the degree of inversion also depends on the synthesis method (Ammar et al. 2004; Tirosh et al. 2006) .
It seems that the synthesis method also has a marked impact on the cation distribution inside the spinel lattice of CoFe 2 O 4 nanoparticles. Sivakumar et al. (2007) qualitatively showed using Mossbauer spectroscopy and EXAFS that a substantial fraction of Co 2? ions adopts tetrahedral sites in 8 nm-sized CoFe 2 O 4 nanoparticles prepared using aqueous coprecipitation. Tirosh et al. (2006) compared properties of Co-ferrite nanoparticles with comparable sizes around 10 nm prepared using different methods. Magneto-optical spectroscopy suggested substantial differences in the incorporation of Co 2? ions within the spinel structure. Based on EXAFS analysis Li et al. (2000) found Co predominantly at octahedral positions of the spinel structure of Co-ferrite nanoparticles (10-15 nm in size) synthesized using microemulsion method.
In this study, we compare structural and magnetic properties of Co-ferrite nanoparticles of comparable sizes around 8 nm synthesized using three different methods: an aqueous co-precipitation, a microemulsion method, and a thermal decomposition of oleates.
In general, the spinel ferrite nanoparticles can be easily synthesized already at low temperatures, for example by using simple co-precipitation of metal ions including Fe 2?
. Subsequent oxidation of Fe(II) hydroxide results in direct formation of the spinel ferrite:
The co-precipitation from aqueous solutions is a relatively simple method and is therefore suitable for mass production; however, it provides only a limited control over particle size and the size distribution. In general, particle size is mainly determined by the relative rates of two processes: the nucleation and the growth, both primarily dependent on the level of supersaturation. The simultaneous occurrence of both processes results in a relatively broad size distribution. In practice, it is also difficult to maintain a homogeneous supersaturation level throughout the whole volume of the reaction vessel during coprecipitation (Sugimoto 2001). A possible strategy for controlling particle size is the co-precipitation inside the confined space of reverse micelles-tiny droplets of aqueous phase that are embedded with a surfactant in an oil phase of a microemulsion. In that case, the particle size is decisively determined by the size of the micelles, which is thermodynamically defined, in particular with the water-to-surfactant ratio. The uniform size of the micelles enables synthesis of nanoparticles with a narrow size distribution, and the size can be simply controlled just by changing microemulsion composition, the temperature, or the concentration of reactants dissolved in the aqueous phase of the microemulsion (Pileni 1993; Makovec et al. 2004) .
Another possible strategy for synthesis of monodispersed nanoparticles is the use of the method that allows complete separation of the process of nucleation from the process of particle growth (Sugimoto 2001) . One of the very few such methods is based on thermal decomposition of metal-organic complexes. During heating of Co-and Fe-oleates in a high-boilingpoint liquid medium, the nucleation starts with partial decomposition of oleates at temperatures around 220°C. At much higher temperature above 280°C the nuclei start to grow simultaneously leading to the formation of nanoparticles with extremely narrow size distribution (Park et al. 2004; Sun et al. 2004 ). 3 , Alfa Aesar), cobalt 2,4-pentadionate (Co(acac) 2 , Alfa Aesar), sulfuric acid (H 2 SO 4 , Carlo Erba, 96%), tetramethyl ammonium hydroxide (TMAH, Alfa Aesar, 25%), n-hexanol (Alfa Aesar, 99%), n-hexane (Alfa Aesar, 99%), methanol (Merck, p.a.), benzyl ether (Alfa Aesar, 98%), oleic acid (OA, Alfa Aesar, practical 90-95%), and n-hexadecil trimethylammonium bromide (CTAB, Alfa Aesar, 98%) were used as received, without further purification.
Co-precipitation from aqueous solutions (sample CP)
The nanoparticles CP were synthesized using simple co-precipitation from aqueous solutions. A fresh solution of metal ions (0.05 mol/L Co 2? , 0.10 mol/L Fe 2? ) was prepared using CoSO 4 and FeSO 4 . In order to prevent the oxidation of Fe 2? prior to the spinelformation reaction, the pH value of the solution was set below 1.5 using H 2 SO 4 . 100 mL of the solution of metal ions (the solution A) were added drop-wise to 500 mL of the solution of the precipitation agent tetramethyl ammonium hydroxide (TMAH) (solution B), with pH of 12.6. During addition of the solution A the pH value was maintained constant by simultaneous addition of concentrated TMAH. After the solution A was added, the mixture was aged for 1 h to allow complete oxidation of Fe 2? and the formation of the spinel ferrite. During the entire process, the mixture was intensively stirred while the temperature was maintained at 50°C. Finally, the nanoparticles were separated by centrifugation, washed with distilled water and dried at 70°C in ambient air.
Co-precipitation in reversed microemulsion (sample ME)
The nanoparticles ME were synthesized in the microemulsion system consisting of 22 wt% of aqueous phase, 45 wt% of n-hexanol as the oil phase, and 33 wt% n-hexadecil trimethylammonium bromide (CTAB) as the surfactant. The co-precipitation occurred , prepared as for synthesis of the nanoparticles CP) was admixed into the equal amount of the microemulsion lEB containing 0.75 mol/L of TMAH. During synthesis the temperature was maintained at 50°C. After an aging time of 1 h the precipitated nanoparticles were washed with ethanol and with distilled water, and dried in ambient air at 70°C.
Thermal decomposition (sample TD)
The hydrophobic, OA-coated nanoparticles TD were synthesized using modified process by Sun et al. (2004) Fe(acac) 3 (4 mmol), Co(acac) 2 , OA (7.3 g) and benzyl ether (40 mL) were mixed and magnetically stirred under a flow of argon. The mixture was slowly (2.5 K/min) heated to 200°C and kept for 2 h to promote nucleation. After the nucleation period, the mixture was slowly (2.5 K/min) heated to reflux temperature (&290°C) and kept for 1 h. The black colored mixture was cooled to room temperature by removing the heat source. Under ambient conditions, a large amount of methanol was added, and black material was precipitated and separated via centrifugation. Washing with methanol and centrifugation (5,000 rpm, 10 min) was used at least three times to thoroughly remove the solvent and impurities. In the end the product was dispersed in hexane and centrifuged (5,000 rpm, 10 min) to remove any undispersed material. For XRD characterization, magnetometry and EXAFS the nanoparticles were precipitated from the stable hexane suspension via addition of acetone and centrifugation (5,000 rpm, 10 min).
Synthesis of the standard (sample BS)
The structure of as-synthesized nanoparticles was compared to the structure of the nanoparticles after high-temperature annealing (sample BS). The coprecipitated nanoparticles CP were annealed at 600°C for 15 h in an ambient air. After heating, the sample was quenched by a fast removal from the hot furnace.
Analytical methods
Phase purity of the nanoparticles was checked using X-ray powder diffractometry (XRD) (PANanalytical X'Pert PRO). The particle size, crystallinity, and composition of the nanoparticles were characterized by high-resolution transmission electron microscopy (HREM) coupled with energy-dispersive X-ray spectroscopy (EDX). A field-emission electron-source TEM (JEOL 2010 F) was operated at 200 kV. For the HREM investigations the nanoparticles were deposited on a copper-grid-supported perforated transparent carbon foil. Quantitative analyses were performed using an EDS microanalysis system (LINK ISIS EDS 300) and Oxford ISIS software. A large number of spectra ([15) was collected from the individual nanoparticles and smaller groups of the nanoparticles. For the quantification of the spectra the CoFe 2 O 4 ceramic was used as a standard. For each measurement the Co/Fe atomic ratio was calculated and the standard deviation of the measurements was determined. The relative standard deviation of the method calculated from 20 measurements of the Co/Fe ratio on the standard was found to be inside ±2.6% (Co/Fe standard = 0.502 ± 0.013).
In addition to the direct observation by the TEM, the particle size of the product was estimated from the X-ray diffractograms using the Debye-Scherrer method (Cullity 1987) with the crystallographic program Topas2R 2000 (Bruker AXS).
The room-temperature magnetic properties of the nanoparticles were measured with a vibrating-sample magnetometer (VSM) (Lake Shore 7307 VSM). The 10 K magnetization curves and the temperature dependence of the magnetization, measured under zero-field-cooling (ZFC) conditions and field-cooling (FC) (H = 100 Oe) conditions in the temperature range between 2 and 300 K, were measured using a SQUID (Quantum Design SQUID). The magnetization values are given normalized per gram of pure magnetic phase. The mass fraction of the pure magnetic phase in the samples was measured using thermogravimetry.
The local structure in the neighborhood of the constituent metal cations in the nanoparticles was studied by X-ray absorption spectroscopy (EXAFS) and compared to the structure of a ''bulk'' standard BS, prepared by annealing the nanoparticles CP at 600°C. During annealing, the nanoparticles retained their single-phase spinel structure while they coarsened to reach particle size over 60 nm. It is known that the structure of nanoparticles relaxes toward the structure of the bulk at such high temperatures (Makovec and Drofenik 2008; Makovec et al. 2009 ). For EXAFS, the Co-ferrite samples were intimately mixed with BN and pressed into thin pellets with a total absorption thickness of about 2 above the Fe and Co K-absorption edge (7,112 and 7,709 eV, respectively) . EXAFS spectra at the K edges of both metallic elements were measured at the C beamline of HASYLAB. A Si (111) double crystal monochromator with resolution of about 1 eV at 7 keV and a dynamic higher-harmonics rejection with the feedback control of the monochromator crystals was used. The intensity of the monochromatic X-ray beam was measured by three consecutive ionization detectors of which the first was filled with a mixture of nitrogen at 650 mbar and Ar at 30 mbar, the second with 380 mbar of Ar, and the third 580 mbar of Ar. The measured samples were placed between the first two detectors. The exact energy calibration with a precision of 0.1 eV or better was established with a simultaneous absorption measurement on the corresponding (Fe, Co) metal foil placed between the second and the third ionization detector.
The K edge profiles of the constituent metals were scanned with a step of 0.25 eV to enable a precise determination of the edge shape and position. For the EXAFS region equidistant k-steps (Dk & 0.03 Å -1 ) were adopted over the joint interval of both edges and to 1,000 eV above Co K edge, with the integration time of 2 s/step. Two repetitions were collected for each sample and superimposed to improve the signal-tonoise ratio. The spectra were analyzed with the IFEFFIT code (Ravel and Newville 2005) . The FEFF model of the EXAFS signal at the two metal K edges was built from the crystallographic data on the mixed ferrite (Ravel and Newville 2005) . Following the argumentation in the study of Calvin (Calvin et al. 2002) , a comprehensive FEFF calculation was adopted with a simultaneous relaxation of the two metal spectra, exploiting connections and restraints between the parameters of the EXAFS models of the constituent elements. The advantage of this approach with regard to the separate fitting of individual EXAFS signals lies in the larger phase space almost doubling the number of independent data points and consequently increasing the statistical reliability of determined parameters.
Results and discussion
The XRD patterns of the synthesized nanoparticles (Fig. 1) show only broad peaks, characteristic for the spinel structure. The average size determined from XRD peak broadening (Table 1 ) was found to be close to 8 nm for all of the synthesized nanoparticles and over 60 nm for the annealed sample BS.
The nanoparticles prepared by co-precipitation from aqueous solutions (sample CP) and in microemulsion (sample ME) were strongly agglomerated (Fig. 2a, b) . The agglomeration is expected, because there is no surfactant attached to the surface of the nanoparticles to maintain them in a dispersed state. The nanoparticles prepared by thermal decomposition (sample TD) are, on the contrary, well separated (Fig. 2c) , since oleic acid bonded to the surface provides steric repulsion.
In general the nanoparticles had globular shape, only some of the nanoparticles from the sample CP showed elongated shape. The size of the agglomerated nanoparticles was difficult to measure with high precision. For these nanoparticles a rough estimate was made from dark-field images (given in Supplement 1), where individual nanoparticles are clearly visible at the thin edges of the agglomerates (approximately 60 nanoparticles were measured). As expected, the nanoparticles ME synthesized by co-precipitation in microemulsion had narrower size distribution (relative dispersion around 30%) than the nanoparticles CP (relative dispersion around 60%), which were synthesized by simple co-precipitation from aqueous solutions. The size distribution was the narrowest in the case of the nanoparticles TD synthesized by thermal decomposition (relative Fig. 1 XRD patterns of the Co-ferrite nanoparticles TD, ME, and CP and standard BS J Nanopart Res dispersion of 11%, visually measured on 500 nanoparticles from BF TEM images).
The nanoparticles prepared by all three methods were well crystalline as evident from HREM images (insets of Fig. 2) .
The quantitative EDS analysis showed considerable variations in the composition of the nanoparticles. The standard deviations of the measurements were comparable to the deviation of the method itself (determined on the CoFe 2 O 4 ceramic standard) indicating homogeneous distribution of cations between the nanoparticles. The nanoparticles prepared by the co-precipitation in microemulsions (sample ME) showed composition with the cobalt-to-iron atomic ratio close to the stoichiometric value of 0.5 (Table 1) , whereas for the nanoparticles co-precipitated from aqueous solutions (sample CP) the Co/Fe ratio was slightly smaller than the stoichiometric. For the nanoparticles prepared by thermal decomposition (sample TD), this value was only half of the stoichiometric (Table 1 ). In the nanoparticles TD only half of the cobalt atoms added was incorporated into the spinel structure. Due to high pH value used in both coprecipitation techniques, cobalt was completely precipitated and incorporated into the spinel ferrite. Higher thermal stability of cobalt oleate compared to iron oleate is most likely the reason for the lower content of cobalt incorporated into the spinel structure during the thermal decomposition.
The composition of the nanoparticles TD is actually outside the spinel range of the Co-Fe-O phase diagram (Pelton et al. 1979) . As shown in the case of Zn-ferrite (Makovec and Drofenik 2008; Makovec et al. 2009 ), the spinel nanoparticles can sustain large deviations from their stoichiometry without losing their single-phase nature. When the nanoparticles TD were heated in air to 600°C, Fe 2 O 3 was precipitated, whereas the nanoparticles CP and ME remained in the single spinel phase after heating. Figure 3 shows Fe XANES profiles for the synthesized nanoparticles and some standard compounds. The Fe K edge for both co-precipitated nanoparticles CP and ME was at the same energy position as in CoFe 2 3? O 4 reference. For the nanoparticles TD, the edge was shifted for 0.5 eV toward lower energies, and was at the same position as the edge in Fe 3 O 4 reference. The edge shift is best observed at the edge mid-point indicated by the arrow for Fe 3 O 4 spectrum in Fig. 3 . The edge shift was quantitatively evaluated by shifting and overlapping the compared spectra or their derivatives in the energy region of the edge slope, by a best fit procedure. From the spectra of the reference samples with known iron oxidation states, we have found that the Fe K edge is shifted for about 4 eV per valence unit in agreement with previous observations (Arčon et al. 2007 ). Based on the comparison of the edge energy with the reference spectra, we can conclude that the average iron valences are 3? in the co-precipitated samples CP and ME and 2.7? in the sample TD. Considering Codeficient composition, the lower iron valence in the sample TD is expected. Presuming that no cation vacancies would form in the structure of the nanoparticles TD, the average Fe valence can be calculated to be 2.83? (Co 0.6 Fe 0.4 2? Fe 2 3? O 4 ). The lower iron valence in the sample TD is therefore a consequence of its Co-deficient composition and the slightly reducing thermodynamic conditions during their synthesis defined with the elevated temperature and the environment of the organic medium.
The local structure of the nanoparticles has been studied using EXAFS. In Fig. 4 , the Fourier transforms of the EXAFS spectra of the nanoparticles are compared with the spectra of the larger particles BS, which served as standard for the ''bulk'' Co-ferrite. The quality of the experimental material can be judged from EXAFS signal, k 3 v(k) graphs given in Supplement 2.
Some conclusions on the structure of the nanoparticles can already be made by inspection of the EXAFS spectra. The first peak in the FT EXAFS spectra around *1.6 Å corresponds to first neighborsoxygen ions comprising the oxygen polyhedra (The corresponding interatomic distance after phase correction is close to 2 Å -the same for both metal ions.). The amplitude of the first peak depends somewhat on the site of the absorber-ion incorporation. The incorporation at octahedral sites (CN = 6) will produce higher amplitude of the first peak compared to the incorporation at tetrahedral sites (CN = 4). The scattering from the second neighbors forms the next wide peak in the FT EXAFS spectra, apparently composed of two components or subpeaks centered at *2.6 and *3.1 Å (corresponding to real distances of 3.0 and 3.6 Å , respectively). The relative amplitudes of those peaks depend strongly on the site of the absorber cation. The octahedral site has 6 second neighbors at the distance of 3.0 Å and 6 at the distance of 3.5 Å . The cation at a tetrahedral site has 12 second neighbors at the distance of 3.5 Å and 4 second neighbors at the distance of 3.6 Å . Thus, a subpeak in the FT EXAFS centered at *2.6 Å (marked in Fig. 4 with B) indicates the incorporation of the absorber cation at the octahedral or B site, while the subpeak centered at 3.1 Å (marked in Fig. 4 with A) indicates Comparison between the Co FT EXAFS spectra for the different samples shows that the annealed nanoparticles BS, as well as the sample TD display the larger first peak and dominant subpeak B of the second-neighbor peak, in accordance with the predominant incorporation of cobalt at the octahedral sites. The first peak and the subpeak B are relatively smaller in the co-precipitated nanoparticles CP and ME suggesting partial migration of cobalt to tetrahedral sites. As expected, the opposite trend is visible when comparing the Fe spectra.
To give these observations a firm quantitative basis, the EXAFS spectra were modeled with an ab initio FEFF calculation (Ravel and Newville 2005 ) using a simultaneous fit of the spectra of the two metals as described earlier (Calvin et al. 2002) . Four FEFF models, with either metal occupying sites A and B, were combined, each built on the spinel crystallographic data with lattice constant a = 8.49800 Å and oxygen parameter 0.3866, comprising the first seven single-scattering paths up to 3.75 Å . The four multiple-scattering paths in the range were neglected for low estimated probability (\6.5%) and wide spread in the R space. It should be noted that the focusing paths with strong and sensitive forward-scattering amplitude, arise in spinel only from a/2 = 4.25 Å on.
The included paths are, in addition to the intrinsic EXAFS parameters E 0 and S 0 2 for each metal, described by the standard parameters, the DebyeWaller widths, separately for the site types (A-A, A-B, and B-B). The Fe-O and Co-O distances are treated separately, other distances are taken from the crystallographic model and described by only two parameters, the general linear expansion coefficient and the spinel-specific oxygen parameter. The site occupation probabilities for Fe and Co are constrained to unit sums. Figure 5 shows the results of least-square relaxation of the EXAFS spectra of the sample TD to the model for the R-range 1.1-3.5 Å , using k 3 weight in the k-range 3.6-11.5 Å -1 , for Fe spectra and 3.6-12.5 Å -1 for Co spectra. The quality of the fits (r-factor) is satisfactory, always better then 1.4%. The complete results of the least-square relaxation of the EXAFS spectra to the model can be found in Supplement 3. The main result of this structural analysis is the degree of inversion X (listed in Table 1 ), showing migration of Co from octahedral sites typical for CoFe 2 O 4 bulk to tetrahedral sites in the nanoparticles. In the Co-ferrite particles BS prepared by annealing at 600°C, which were considered as the bulk standard, cobalt is indeed situated almost completely at the octahedral lattice sites (X = 0.931). Similarly to bulk, cobalt retained predominantly the octahedral sites also in the nanoparticles TD synthesized using thermal decomposition (X = 0.926). However, for the co-precipitated nanoparticles CP and ME the degree of inversion was estimated to be considerably smaller then the bulk value (X * 0.75). In agreement with differences observed in composition and structural properties, the nanoparticles also show markedly different magnetic properties. The room-temperature magnetization curves of the nanoparticles suggests superparamagnetic behavior (Fig. 6) , showing zero coercitivity.
Nevertheless, the magnetization measured under zero-field cooling conditions is continuously increasing till 300 K (Supplement 4) for the nanoparticles CP and ME, indicating their ferrimagnetic nature. For nanoparticles TD, a broad maximum of zero-field curve exists at temperature &240 K, revealing their superparamagnetic nature with characteristic blocking temperature T B around 240 K. The reason for room-temperature superparamagnetic behavior of the nanoparticles TD is most probably related to their dispersed state, where each individual particle is isolated, whereas the co-precipitated nanoparticles CP and ME of comparable size are agglomerated and consequently ferrimagnetic due to interparticle magnetic interactions. Even at relatively high fields, the saturation magnetization of the nanoparticles was not reached, in agreement with the existence of a magnetically inactive layer at their surfaces (Kodama 1999) . The room-temperature magnetization curve of the larger Co-ferrite particles BS displays a typical ferrimagnetic behavior with large coercivity and saturation magnetization in the range found for bulk Co-ferrite (Smit and Wijn 1959) (Fig. 6) .
Structural details, obtained from EXAFS experiments, are key factors for explaining low temperature magnetization measurements. These provide, at temperatures close to 0 K the information about distribution of cations within the spinel lattice. Namely, at 0 K, saturation magnetization directly reflects the difference in magnetization of the tetrahedral and the octahedral sublattices. Magnetization curves, measured at 10 K, all display typical ferrimagnetic response (Fig. 7) .
The nanoparticles samples reach a lower saturation magnetization value than calculated for the known distribution of cations, in agreement with the existence of magnetically dead surface layer (Kodama 1999) . On the contrary, the larger Co-ferrite particles BS Room-temperature magnetization curves for the Coferrite nanoparticles CP, ME, and TD and standard BS Fig. 7 Hysteresis loops for the Co-ferrite nanoparticles CP, ME, and TD and standard BS measured at 10 K reach saturation magnetization typical for the bulk Co-ferrite (Smit and Wijn 1959) . Due to its lowest degree of inversion, the nanoparticles ME exhibit the largest value of saturation magnetization (magnetic moment per molecule of CoFe 2 O 4 increases from 3 Bohr magnetons for inverse spinel to 7 Bohr magnetons for normal spinel). For the nanoparticles CP, one would expect higher saturation magnetization value, since they display just slightly higher degree of inversion to that of the nanoparticles ME. The reason for relatively low magnetization of the CP nanoparticles is most probably related to the broad size distribution and the presence of very small nanoparticles that reduce sample's saturation magnetization. Sample TD exhibits the lowest saturation magnetization in agreement with its almost completely inverse structure.
Due to their composition close to that of the stoichiometric CoFe 2 O 4 , the largest coercivity values would be expected for the co-precipitated nanoparticles CP and ME. However, the presence of cobalt ions at the tetrahedral sublattice sites strongly reduces the coercivity (Franco and Zapf 2008; SalazarAlvarez et al. 2007 ). In spite of the substantial lack of cobalt in the composition of the nanoparticles TD, they exhibit the largest value of coercivity and the M r /M s ratio close to the value expected for isolated particles with cubic anisotropy due to their inverse spinel structure. The difference between coercivity of the co-precipitated nanoparticles and the nanoparticles synthesized by the thermal decomposition illustrates the large importance of the cation distribution. The larger Co-ferrite particles BS display the M r /M s ratio of 0.84 reaching the value typical for the bulk CoFe 2 O 4 (0.83), but they display a lower value of coercivity than the magnetically hardest nanoparticles TD. The reason for the higher coercivity in the smaller nanoparticles is most probably related to the surface effect. The fraction of the surface atoms with broken symmetry is much larger in the smaller nanoparticles resulting in an increase in the surface anisotropy, thus increasing the effective magnetic anisotropy and consequently the coercivity (Kodama 1999) .
The reason for the different cation distributions in the samples prepared by different methods is in unique thermodynamic environment during their synthesis and in the flexibility of the structure characteristic for spinel nanoparticles. The major difference in the presented methods is the temperature of synthesis. Co-precipitations (in water or microemulsions) are low-temperature processes. At low temperatures the equilibrium structure is not easily formed. On the contrast, the thermal decomposition was performed at an elevated temperature of 290°C, where a near-equilibrium structure was formed despite the small size of the nanoparticles.
Conclusions
Structural and magnetic properties of Co-ferrite nanoparticles having uniform particle size around 8 nm synthesized using three different methods were compared. A simple co-precipitation from aqueous solutions and a co-precipitation in an environment of microemulsions are low temperature methods (50°C), whereas a thermal decomposition of organo-metallic complexes was performed at elevated temperature of 290°C. The nanoparticles synthesized with thermal decomposition showed a Co-deficient composition (Co 0.6 Fe 2.4 O 4 ), the average Fe valence of 2.7?, and almost completely inverse spinel structure, similar to that of the bulk. Both co-precipitated samples were nearly stoichiometric, had Fe valence of 3?, yet they showed a significant proportion of cobalt ions incorporated at the tetrahedral sites of their spinel structure. Magnetic properties of the nanoparticles were in good agreement with their composition and the cation distribution in their structure.
